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STMIn this workwe provide a density functional theory (DFT) study of high coveragemetastable benzene adsorption
on a Si(100) surface. We examine intra- and inter-dimer interactions, phase ordering and in-dimer-row direc-
tional stability. From comparison of transition barriers (nudged elastic band calculations) and energetic stability
between the single adsorptions and their high coverage cases we conclude that molecular interactions at high
coverage neither influence the relative stability of metastable adsorption nor their reaction barrier. We investi-
gate inter-dimer adsorption of benzene on the C-type defect and discuss its relevance to high coverage. It is
found that the high coverage inter-dimer (ID) adsorption has increased stability, similar to C-defect adsorption,
while the other mixed cases of ID are less likely to occur. All of the presented calculations are performed in an
extended framework with newly implemented Grimme corrections to account for van der Waals interactions
(DFT-D), which are benchmarked against standard DFT results. Additionally we present a scanning tunneling
microscopy study for the high coverage adsorptions together with its structural analysis, through which we
aid high coverage STM identification.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Today surface science has become a very robust and quickly develop-
ing discipline, ranging with its applications from pharmacology to thin-
filmproduction, heterogeneous catalysis, self-assembledmanufacturing,
nano-electronics and many more topics. The pursuit of complex func-
tionality of molecular structures on surfaces requires an ever deeper
fundamental understanding of surface structures and their reactivities.
In this work we investigate some of the fundamental processes that
may accompany high coveragemolecular adsorptions on semiconductor
surfaces, while revisiting a long debated subject of benzene adsorption
on Si(100) surface. In our work, through calculations of total energies,
transition barriers and simulations of scanning tunneling microscopy
(STM) images, we provide some new insights on both methodology
and physics.
The interaction of a benzene molecule with a Si(100) surface has
received great attention due to the importance of benzene as a model
system for studying molecular adsorption of aromatic hydrocarbon
molecules. In spite of the apparent “simplicity” of both benzene and
the Si(100) surface, the ground state adsorption geometry of this sys-
tem has been under debate for nearly two decades.44 151 794 3870.
, cpan@liv.ac.uk (C. Panosetti),
(W.A. Hofer).
ghts reserved.The Si(100) surface undergoes reconstruction, that is, thepairs of the
under-coordinated surface Si atoms create dimers which yield a surface
composed of wide dimer rows with a Si(100)-(2 × 1) supercell. Addi-
tionally, each dimer has two symmetric minima configurations, where
the dimer buckling is accompanied by charge transfer from the down
atom to the up atom. This buckling is further coordinated in between di-
mers to minimize energy. It has been found that the lowest energy sur-
face reconstruction is a c(4 × 2), in which the dimers create a zig–zag
pattern reflected in between rows. The dimer length is 2.35 Å, the
distance between the dimers is 3.86 Å and the distance between neigh-
boring Si atoms in between the lines is 5.19–5.85 Å (depending on the
buckling) [1]. As one would expect, this specific surface geometry is
responsible for orientation-dependent reactivity. On some occasions,
molecular adsorbates significantly influence or even fix the surface
buckling. This Si dimer pinning may, at some range, affect the surface
character and its reactivity [2,3]. The early experimental observations
using near-edge X-ray adsorption fine structure (NEXAFS) measure-
ments, combined studies with high resolution electron energy loss
spectroscopy (HREELS) and thermal desorption spectroscopy (TDS) re-
vealed that benzene molecules are chemisorbed on a Si(100)-(2 × 1)
surface without molecular decomposition and two configurations can
be distinguished [4,5]. Since the early experimental accounts could not
unambiguously determine the adsorption geometries, various theoreti-
cal models have been proposed and investigated [6–15].
It has been agreed for all observed configurations that the bonding
between the C and Si atoms is expected to be of σ nature. The geomet-
rically possible adsorptions could be divided into two groups for the
Table 1
Computed adsorption energies (in eV) of the SB and TB configurations using different
pseudo-potentials and generalized-gradient approximations (GGA).
Pseudopotential GGA SB (eV) TB (eV) Diff (eV) Ref
PAW PW91 1.00 1.25 −0.25 [25]
NC BLYP 2.04 2.10 −0.06 [7]
US PW92 1.12 1.42 −0.30 [10]
US PBE 0.82 1.05 −0.23 [26]
US PBE 0.92 1.19 −0.27 [14]
US RPBE 0.47 0.66 −0.19 [14]
US PW91 0.99 1.24 −0.25 [14]
153P.T. Czekala et al. / Surface Science 621 (2014) 152–161benzenemolecule: di-σ bonded and tetra-σ bonded. In either case, all of
the configurations have been considered and investigated in previous
theoretical works.
For the di-σ bonded molecule on top of the single dimer, a C1, C2 or
C1, C4 pair of C atoms could be engaged, while a C1, C4 pair alone could
also bond in between two dimers along or across dimer rows, or even
diagonally within the row (for visualization aid see Fig. 1).
For the tetra-σ bonded case, C1, C2, C4, C5 atoms could engage in
bonding, bridging two neighboring dimers in the dimer row or alterna-
tively a bonding of C1, C2, C3, C4 atoms could form a tight bridge config-
uration, either symmetrical along the row called tight bridge (TB) or a
90° rotated version with respect to it.
On a basis of multiple theoretical investigations, two most stable
configurations were determined for which the results are presented
in Table 1. In each class, the most stable adsorption configurations ob-
tained from first-principle calculations are the standard butterfly (SB)
and tight-bridge (TB), respectively. As shown in Fig. 2, in the SB struc-
ture each benzenemolecule reacts with the surface via a [4 + 2] cyclo-
addition, that is, the C1 and C4 atoms of benzene form two σ-bonds
with two Si atoms of a dimer. The remaining C atoms are tilted up and
the molecule has a C2v symmetry. As a result, the C1 and C4 atoms are
sp3-hybridized and two π-bonds of the adsorbate are retained in the
tilted C atoms. The TB structure, however, is a [2 + 2] cycloaddition
product. Each benzene molecule interacts with two Si dimers with its
C1–4 atoms, which are on a plane parallel to the Si surface. The C5 and
C6 are sp3-hybridized and tilted away from the surface. The adsorbate
also shows a C2v symmetry, in which the mirror plane is perpendicular
to the [−110] direction. Regardless of the pseudo-potentials and ex-
change correlation functional used, the TB configuration is energetically
more favored than the SB configuration in all standard DFT calculations
(Table 1). Supported byfirst-principle STMsimulations, the SB structure
has been assigned to the metastable adsorption state, while the TB
structure is regarded as the ground state [10,11]. This conclusion offers
a logical explanation for the creation of TB in which SB is a mediary
state, less strained and thus more kinetically favorable, while TB is a
final state which is energetically more stable. The evidence supporting
this model can be found in examples of tip-induced conversion and
desorption, demonstrating the possibility of back and forth switching
between those states [16–18].
Although through this model an agreement with some experiments
was reached, a fair group of experiments still remain where the TB state
is either not observed or is a secondary state. This inconsistency be-
tween experiments posed new questions and raised doubts about the
accuracy of both experimental and theoretical methods. A broad exper-
imental analysis was recently presented by Nisbet et al. to which we
refer the reader for more in depth review of experimental data [19].
Here, we will mostly focus on the theoretical side and on issues that
have been omitted in earlier work. One of the latter can be that, since
the gradient-corrected density functionals are unable to describe dis-
persive interactions, van der Waals interactions between benzene mol-
ecules and the silicon surface are usually not included [20–22]. In orderFig. 1. Si-c(4 × 2) surface reconstruction and a benzene molecule. The black frame repre-
sents the supercell and cream larger balls represent buckled up Si atoms.to correct for this methodological deficiency, Johnston et al. revisited
this system with the van der Waals density functional (vdW-DF)
[14,15]. In their calculations, the structural optimizationwas performed
using the PBE form of GGA and ultra-soft (US) pseudo-potentials. The
total energy, however, was calculated to include the dispersion interac-
tions [23]. In contrast to other results, thiswork has reported that the SB
structure is a global minimumwhich is about 0.08 eV more stable than
the TB structure regardless of coverage. It is important to note that the
post-GGA total energy vdW-DF method employed in Refs. [14,15]
does not allow atomic relaxations when the van de Waals forces are
calculated. Taking into account the small difference in the binding
energies of two adsorption states, further structural optimization may
play a decisive role in determining the ground state adsorption geome-
try. In order to investigate this further in our work we decided to use
self-consistent DFT-D as suggested by Grimme in Ref. [24]. Here, the
van der Waals interactions are included through the use of C6R−6
semi-empirical dispersion corrections where C6 is a coefficient for fixed
atom pairs. Since this method allows ionic relaxations that also take
van der Waals forces into account, the obtained geometry of adsorbed
structures, e.g. concerning bond lengths, is more accurate than that
from standard DFT calculations. This methodology has been employed
throughout the work presented here. In Section 3, we also tested the re-
duced Grimme approach, in which vdW interactions between substrate
atoms are not considered and vdWcorrection is limited to themolecule–
substrate interaction.
As to this time, it has been pointed out in few publications that the
discrepancy between different experiments may be related to coverage,
defects or temperature. On one hand, the results are strongly tempera-
ture dependent via the effect on the rate of conversion between
two states. Therefore, in low enough temperatures only single state
occupancy would be expected. On the other hand, there is a difference
in sample preparation between the STM studies and spectroscopicFig. 2. Adsorption geometry of an isolated benzene molecule on a Si(100)-c(4 × 2)
surface: (a) the SB configuration and (b) the TB structure.
Table 2
Binding energies (in eV) of the SBand TB configurations calculatedwith differentmethods.
Methods SB (eV) TB (eV) Difference (eV)
DFT 0.93 1.14 −0.21
DFT-D 1.55 1.84 −0.29
Reduced DFT-D 1.52 1.77 −0.25
154 P.T. Czekala et al. / Surface Science 621 (2014) 152–161experiments. The first usually takes place at low defect density surfaces
and lower coverages, while for the second the defect density is not con-
sidered and the measurements take place at high coverages. In many
publications the unexplained reverse relative SB/TB population was
observed and it was related to the increase of coverage. As a result, sig-
nificant molecule–molecule interactions were suggested, which could
affect the energetics of the adsorption or the height of the barrier in
the SB to TB transition. This subject has been for the first time theoreti-
cally approached by Lee and Cho [13].
Here, we expand this discussion and also provide comparisons
of DFT vs D-DFT. In Sections 5 and 6 we investigate the energetics for
in-line interactions and the directionality as well as the inter-row inter-
action.We also provide comparison of the isolated vs full coverage SB to
TB transition barriers.
In response to recently published high coverage studies, in which
mixed SB/TB coverages were investigated [18], we also have performed
a series of STM simulations for which the results are presented and
discussed in Section 7.
Finally, we present the calculations of the newly proposed geometry
for stable benzene adsorption of inter-dimer butterfly (IdB) on the
C-type defect [17]. We further expanded on these results and perform
structural analysis of high coverage version of IdB configuration for
which we also present simulated STM images in Section 8.
2. General parameters
In thiswork, all calculations are carried out using the Vienna ab-initio
simulation package (VASP) [27,28]. The electron–electron exchange–
correlation interactions are described with the PBE form of GGA [29].
In order to accurately account for the ion–electron interactions, the pro-
jector augmented wave (PAW)method has been employed [30,31]. The
optimized lattice constant obtained from Si bulk calculations is 5.47 Å,
which is in agreement with a previous theoretical study [32]. Themole-
cule and the five uppermost layers of Si atoms are allowed to relax in
three dimensions.
The energy cut-off used in all calculations for the plane waves
is 400 eV; the structural relaxation, carried out with the conjugate gra-
dient method [33,34], stops when the forces on each relaxed atom are
smaller than 0.01 eV/Å. At the bottom surface of the supercell, all Si
atoms are passivated by two H atoms per Si atom. In all calculations
the vacuum range is about 23 Å.
The values of Eads are determined by the following equation:
Eads ¼ Eref−E ; ð1Þ
where E is the total energy of chemisorbed benzene on a Si(100)-
c(4 × 2) surface, and Eref is the total energy of a reference system, in
which the benzene molecule is kept about 10 Å above the surface.
3. Single adsorption
In these calculations, the silicon surface is modeled by a supercell
which contains a 12–layer Si(100)-c(4 × 2) slab. Each Si layer contains
16 Si atoms and a surface consists of eight dimers, four per dimer-row.
This set up results in 0.125 and 0.25 dangling bond saturation for
SB and TB, respectively. For the technical parameters, we note that,
due to the large size of the supercell, the first Brillouin zone can be suf-
ficiently sampled with the Γ point only. In order to understand the role
that van der Waals interactions play in the adsorption process, three
series of DFT calculations have been performed: (i) standard DFT,
(ii) Grimme DFT-D and (iii) reduced Grimme DFT-D, in which the
van der Waals interactions between Si atoms are excluded. The calcu-
lated binding energies per molecule are summarized in Table 2.
As expected, both adsorption states are stabilized by taking van der
Waals interactions into account. A comparison of the binding energies
obtained from the DFT-D and the reduced DFT-D calculations showsthat the Si\Si van derWaals interactions do not have a significant effect
on Eads of benzene on Si(100)-c(4 × 2) surface. The increase of adsorp-
tion energies can be ascribed to surface–molecule dispersion interac-
tions. Importantly, the DFT-D calculations indicate that the TB state is
energetically more favored than the SB state by around 0.29/0.25 eV
for DFD-D/reduced-DFT-D, which is consistent with standard DFT
calculations. This reveals that the van der Waals interactions do not
change the relative stability of the SB and TB states. In this work, the
parameters which need to be tested are the free atom radius R0i and
dispersion coefficient C6ii for Si, C and H, respectively. Based on our
calculation, the uncertainty in ΔEads is 0.11 eV. This means that the
TB state is more stable than the SB state even if the R0i and C6ii vary
by 5% for all elements [35].
δE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
X
∂Eads
∂X δX
 2vuut : ð2Þ
A careful analysis of structural relaxations shows that the van der
Waals forces do not affect the molecular structures of TB and SB states
dramatically. The C\Si bond lengths are almost unchanged although
the van derWaals interactions among the Si atoms introduce a contrac-
tion of the lattice constant by 1%. A Bader charge analysis also indicates
that the local charge of all molecular atoms does not vary much [36].
3.1. Transition from SB to TB
Once it is established that benzene adsorbs on Si(100)-c(4 × 2) in
a SB configuration which then turns into the more stable TB, it is then
possible to calculate the transition barrier between the two states and
hence the rate of conversion. In order to do that, we have employed
the nudged elastic band (NEB) method, as implemented in VASP 5.2.1,
proposed by Jónsson et al. [37] for the search of saddle points, that is,
transition states, andminimumenergy paths (MEP) between known re-
actants and products. The NEB, as a chain-of-states method, is more
computationally costly than a single relaxation, we thus employed a
slightly looser convergence threshold, that is, 0.02 eV/Å. The reaction
coordinate was sampled using 3 intermediate replicas, for a total of 5
images (including the initial and final states), connected through a
spring force of constant k = 5 eV/Å2.
The optimized Minimum Energy Path for the conversion of
chemisorbed benzene from the SB configuration to the TB configuration
is shown in Fig. 3. The computed energy barrier is 0.75 eV. Experimen-
tally, the conversion barrier was estimated to be around 1.0 or 0.9 eV in
two previous studies [38,39] respectively, both calculated from the
measured rate of conversion R using the Arrhenius equation,
R ¼ A  exp−Ea=kT ð3Þ
assuming the pre-exponential factor A to be 1013 s−1.
However, several non vdW-corrected theoretical studies place the
barrier in a range spanning from 0.5 eV (Car–Parrinello method [7]) to
0.87 eV (Gradient Projector method [13]) to 1.61 eV (Cluster method
[12]). Hence, within our model, the conversion barrier lies in the
range defined by theoretical literature but is underestimated with re-
spect to the experimental values. However, the geometric features
of the transition states are in perfect agreement with the results
of Ref. [13]. The high value of cluster calculations indicates that the
Fig. 3. Computed minimum energy path for the conversion between BS and TB states of
chemisorbed benzene on Si(100)-c(4 × 2) obtained using climbing image nudged elastic
band. The conversion barrier (classical) is 0.75 eV.
Table 3
Relevant structural details of the transition state in the conversion of benzene from BS to
TB, that is, the lengths of the forming C\Si bonds (cfr. Fig. 4). There is substantial agree-
ment between the Gradient Projector method, which does not include van der Waals,
used in [13] and the climbing image NEB used in our calculation.
Method d1 d2
Gradient Projector, no vdW [13] 2.45 Å 2.86 Å
CI-NEB, vdW 2.50 Å 2.91 Å
155P.T. Czekala et al. / Surface Science 621 (2014) 152–161stiffness of the system,which can be influenced not only by its chemical
composition and bonding structure, but also by its electronic structure
and dopants,may play an important role in the absolute value obtained.
Structural details of the transition state, compared to that fromRef. [13],
are illustrated in Fig. 4 and Table 3.
We evaluated the ZPE correction in the harmonic approximation
displacing the adsorbate degrees of freedom together with four under-
lying Si atoms by 0.005 Å. The Si atoms included in the displacement
are those forming the dimer to which the butterfly benzene is attached,
and the adjacent dimer toward which the adsorbate bends along the
reaction path, which will become bonded in the tight bridge final
state. The ZPE-corrected classical activation barrier is 0.67 eV. Using
the quantum harmonic partition function with Wigner's formula [40]
including the correction for tunneling [41], we obtain an activation
barrier of 0.70 eV.
Furthermore, roughly estimating the vanderWaals binding energies
of the initial state and the transition state, by means of single point
calculations at the van der Waals optimized geometries, we find that,
subtracting the van der Waals correction, the barrier increases to
0.79 eV. This is easily explained considering that in the transition state
the molecule is closer to the surface, more atoms are thus involved in
the interaction; the van der Waals binding energy is then larger for
the transition states than for the initial state. This explains the lowering
of the conversion barrier when the dispersion correction is included in
the calculation.Fig. 4. Relevant structural details of the transition state in the conversion of benzene from
BS to TB, that is, the lengths of the forming C\Si bonds. Numerical details are given in
Table 3.A summary of all the computed conversion barriers is shown in
Table 4.
It is also important to point out that at room temperature the Si
dimers flip quickly up and down. In a theoretical model this feature is
not trivial to consider; our simulation was carried out on a c(4 × 2) re-
constructed surface. While the adsorption energies are not dramatically
affected by the choice of either reconstruction, especially concerning
chemisorption, it is clear that in a dynamical process involving a reac-
tion path, the dimer flipping may also have a significant effect. This
effect is particularly evident when an adsorbed molecule locally pins
the surface in either configuration (see, for example, [3]), which, in
this case, is unknown.
Finally, the underestimation of the conversion barrier with respect
to the experimental value can also be explained considering the limita-
tions of the chosen theoretical setup. It is known that, in general, the
employment of GGA-based functionals tends to underestimate activa-
tion barriers (see, for example, Ref. [42]). For the purpose of the present
work, where we are mainly interested in investigating coverage effects,
the underestimation of the barrier is not significantly changed at dif-
ferent coverages, which again points to a general, rather than a specific
shortcoming in our theoretical model. We can thus still compare acti-
vation barriers in order to point out the effect of surface concentration
on the transition from the butterfly configuration to the tight bridge
(see Section 6).
4. Adsorption on C-defect
The clean Si(100) surface has several types of common imperfec-
tions, such as step andpoint defects, all ofwhich could have an influence
on surface properties or reactivity.
The Si(100) point defects have been categorized into three types:
types A and B represent single and double dimer vacancy, respectively
[43,44]. The origin of theC-type defectwas not clear from thebeginning;
different models were initially proposed, such as vacancies [45,46],
surface or subsurface defect atoms [47,48] and water adsorption [49].
Recently, a conclusion has been reached and the C defect has been iden-
tified as a reaction site of a watermolecule commonly also referred to as
inter-dimer dissociation of water (ID). According to recent observations,
the C-defect is an active site in benzene adsorptions [17].
In our study, we have performed DFT and DFT-D calculations of the
adsorption geometry shown in Fig. 5 (atomic coordinates are accessibleTable 4
Comparison of conversion barriers from literature with the present calculations. Our
results lie in the range defined by previous theoretical calculations, but it underestimates
the experimental value.
Method Ea Reference
Experimental I 1.00 eV [38]
Experimental II 0.95 eV [39]
Car–Parrinello 0.50 eV [7]
Gradient Projector method 0.87 eV [13]
Cluster method 1.61 eV [12]
CI-NEB, vdW 0.75 eV –
CI-NEB + ZPE, classical, vdW 0.67 eV –
CI-NEB + Wigner, vdW 0.70 eV –
CI-NEB, no vdW (estimated) 0.79 eV –
Fig. 5. Adsorption geometry of an isolated benzene molecule on C-defect on Si(100)-
c(4 × 2) surface. A C-defect comprises an adsorbed OH group and H atom on the nearby
dangling bonds of neighboring dimers, benzene molecules adsorbed in inter-dimer
butterfly configuration.
Table 5
Full line relative adsorption energy of TB oriented in the same direction vs one odd TB
oriented opposite direction. SB to TB conversion energy in one directional TB environment.
SB to TB conversion energy in SB environment.
Methods DFT (eV) DFT-D (eV)
One way 0.000 0.000 (a) at Fig. 6
One odd 0.008 0.001 (b) at Fig. 6
TB environment
SB→ left-TB 0.268 0.345 (c)→ (d) at Fig. 6
SB→ right-TB 0.242 0.315 (c)→ (e) at Fig. 6
SB environment
SB→ TB 0.300 0.389 (f)→ (g) at Fig. 6
Fig. 6. Adsorption geometries of benzene lines. a) Full line of TB adsorbates with the same
directional orientation, b) full line of TB adsorbates with a second TB oriented in opposite
direction to the rest, c), d) and e) three metastable configurations in directional TB envi-
ronment for SB, left-TB and right-TB respectively, and f), g) twometastable configurations
in SB environment, SB and TB, respectively.
156 P.T. Czekala et al. / Surface Science 621 (2014) 152–161in supplementary material [50]). The adsorbates saturate 0.25 of dan-
gling bonds, two by a C-defect and two by inter-dimer butterfly (IdB).
The obtained bond length was 1.50 Å for Si\H and 1.68, 0.98 Å for
Si\O and O\H, respectively. Both the OH and H are slightly spread
apart in comparison to the Si atoms directly below, repelled from the
axial position by 0.04 Å and 0.05 Å, respectively. The OH group is
pointing in the direction of theneighboring dangling bond,which is con-
sistentwith the studies of C-defect alone. The obtained adsorption ener-
gies are 1.20 eV and 1.90 eV for DFT and DFT-D, respectively, which is
also 0.06 eV higher than the TB configuration for both methods.
These values are slightly smaller than results obtained by cluster
studies [17], however still supporting inter-dimer butterfly as the
most stable benzene adsorption configuration. Similarly to acetylene
molecules on Si(100)-c(4 × 2), a secondary inter-dimer adsorbent
on the same dimer pair has increased bonding energy [51]. In this case
the reactivity of inter-dimer butterfly (IdB) is increased greatly by
~0.43 eV in comparison to single IdB adsorption due to the dissociated
water occupying the other two atoms in bonded dimers (Fig. 5). From
this observation, it is suggestive to assume that some of the increase
in the binding energy results from reduced strain, due to stabilization
of twodimers and decreased surface buckling. Thiswill be further inves-
tigated in Sections 6 and 8.
5. Line coverage and intermolecular interactions
In this section, we focus on the interaction of a benzene molecule
with its neighbors. In these calculations, we increased the length of
the supercell to double the size used in previous sections, i.e. to eight di-
mers in a single row. The Si(100)-c(4 × 2) cell used consisted of 7 layers
of Si atomswith 8 dimers per row, thus a total of 16 dimers per unit cell.
Each Si layer contains 32 Si atoms. Due to the large size of the supercell,
the first Brillouin zone can be sufficiently sampledwith the Γ point only.
All the configurations discussed in this section involve adsorptions
on the single dimer-row keeping the other dimer-row unoccupied. In
order to understand the role that van der Waals interaction plays in
the adsorption process, two DFT calculations have been performed:
(i) standard DFT and (ii) DFT-D. The calculated binding energies per
molecule are summarized in Table 5, while adsorbed geometries arepresented in Fig. 6. Our aim in performing this calculation was to pro-
vide amore complete picture on higher coveragemolecular adsorptions
and to investigate the possibilities of interaction between molecules
with respect to energetics of adsorption (all structures presented here
Fig. 7. Adsorption geometries for full coverage of benzene on Si(100)-c(4 × 2) surface.
Panels a) and d) represent standard and shifted SB phases while b), c), e) and f) represent
standard, reversed, standard-shifted, reverse-shifted phases of TB-type adsorption,
g) IdB-zig–zag, and h) RTB-type adsorption.
157P.T. Czekala et al. / Surface Science 621 (2014) 152–161are accessible in supplementary material [52]). The first analysis pre-
sented here concerns the possibility of directional ordering. Two config-
urations, labeled with a) and b) in Fig. 6, are considered. In both a)
and b) there are four molecules occupying eight out of sixteen dimers,
saturating one dimer row accounting for a coverage of 0.5. In a) all TB
molecules face the same direction along the line, while in b) one of
themolecules is in reversed order. From the adsorption stability it is ap-
parent that the direction does not influence the energetics enough to
favor any of these adsorptions (see one way and one odd in a Table 5).
By comparing configuration a) and b) one can see that the TBmole-
cule is reversed, thus its precursor SB molecule must have occupied a
different dimer in each case. Earlier studies have shown that the differ-
ence between these two SB configurations is only ~0.05 eV which also
does not support any directionality [13]. In all following configurations
investigated in this section there are three benzene molecules reacting
with eight dimers in a one row as presented in Fig. 6 which due to
mixed SB, TB character results in a different dangling bond coverage:
0.313, 0.375, 0.375, 0.188, 0.25 for c), d), e), f) and g), respectively.
Further, we considered whether there is any energetic directional
preference for SB to TB conversion while surrounded by TB benzenes
pointing in a single direction c) in Fig. 6. In d) and e) this SB transforms
to TB by collapsing to the left- and right-hand sides, respectively. The
directional preference has been found to be only 0.026/0.030 eV for
DFT and DFT-D showing only a slight side-specific preference, which is
unlikely to have any statistical significance. Finally, we have performed
SB to TB conversion in SB environments, here the obtained conversion
energies have been found to be 0.30/0.39 eV, which is ~0.05/0.06 eV
more exothermic than the conversion in a TB environment. This sug-
gests that the SB to TB conversion energy decreases with an increase
in TB population.
In structural analysis of single phase adsorptions of TB or SB no ef-
fects on angles or bond length were observed that could be attributed
to the inter-molecular interactions, for TB geometry (bonded with C1,
C2, C3 and C4) C2\Si and C3\Si is 2.01 Å and for C1\Si and C4\Si is
1.99 Å with the angle C3\C4\C5 ~110° and the unbounded wing in-
cluding C5, C6 at 52.5° from the surface plane (47° experimental [19]).
For the SB geometry C1\Si and C4\Si are 1.97–1.98 Å depending on
the buckling of the neighboring dimers (1.93 Å experimental [19])
while the angle of the wing from the surface plane is 19.4° (15° experi-
mental [19]). All of the above DFT-D results were consistent with single
molecule adsorptions. From a comparison of DFT to DFT-D the C\H and
C\C and C\Si for TB bonds stayed unchangedwhile Si\Si and Si\C for
SB shortened on average by 0.01 Å. A structural analysis of mixed high
coverages will be given in Section 7 when we discuss the relevant
STM images.
When studying phenomena on a clean Si(100) surface it is impor-
tant to remember that adsorbates may affect the buckling in the neigh-
boring dimers. Comparing the height of the buckled dimer atoms of the
clean surface with the atoms of unoccupied dimers on the left and right
hand sides of SB adsorbate in c) in Fig. 6, it is observed that the up atoms
are 0.1 Å lower while the down atoms are 0.05 Å higher, thus flattening
the bucking. The same trend is present on unoccupieddimers in d), e), f)
and g) in Fig. 6 where the lowering or raising of atoms is on average
around 0.1 Å. The phenomenon of dimer flattening or pinning, although
it does not seem toplay as important a role in this particular system,will
be discussed in depth in future publications.
6. Full coverage
Full coverage calculations have been performed in order to investi-
gate inter-row interactions as suggested by the work of Self et al. [53].
We have obtained the adsorption energy differences related to correla-
tions between dimer rows and investigated few possible phases (all
the structures are accessible as supplementarymaterial [54]). The calcu-
lations were performed using a Si(100)-c(4 × 2) unit cell consisting
of eight dimers. The adsorption configurations are shown in Fig. 7.Different full TB and full SB coverages were investigated. The obtained
energy differences are presented with respect to the most stable con-
figuration TB and divided by four, to give the adsorption energy per
benzenemolecule. The obtained results do not show anymeaningful in-
teraction between benzene adsorbates, suggesting no phase preference
in any SB or TB full surface coverage. The average adsorption energy for
TB is 0.25/0.3 eV higher than for the SB configuration which is close to
single adsorption energy difference 0.21/0.29 eV for DFT and DFT-D
respectively. This shows that with higher coverage the average stability
of TB over SB increases by ~0.04/0.02 eV. From the structural analysis
similar to the high coverage case no geometrical changes could be
attributed to molecule–molecule interactions. In each case there are 4
molecules per unit cell, di-σσ bonded configuration a), c) and g) ac-
count to the 0.5 dangling bond coverage (which is a saturation coverage
for SB geometry) and tetra-σ bonded configuration b), d), e) f) and
h) account to 1.0 dangling bond coverage (which is a saturation cover-
age for TB or RTB geometry).
After performing the calculations presented in Section 4, we have
decided to consider the IdB geometry in full coverage in which double
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bilize buckling and increase adsorption energy as presented for double
acetylene molecule adsorption by Czekala et al. [51]. In order to do
that, the molecules were arranged in a zig–zag pattern as shown in
panel g) of Fig. 7. Obtained results (Table 6) show that, in fact, the pre-
diction was correct and in comparison to single adsorption a multiple
adsorption increases stability. The average adsorption energy per IdB
vs SB rises from−0.17 to−0.04 eV and from−0.08 to 0.09 eV for stan-
dard DFT and DFT-D calculations, respectively.
Although from an energetic perspective, the IdB presence is much
more expected than another di-σ configuration, it is still important to
point out that this possibility is somehow limited due to the first single
adsorptions being less likely to occur. So far these high coverage geom-
etries have not been considered, neither experimentally, nor theoreti-
cally. But it is possible that this phase has been interpreted as SB in
spectroscopic studies, as it has a similar ratio of π and σ bonds. In this
case, STM experiments will allow an unambiguous identification.
We have also performed the calculation of another four-sigma
bonded TB configuration, where the molecule is rotated by 90°. The in-
tention, with this simulation, was to show that high coverage does not
change the adsorption energetics, unless it saturates both dangling
bonds of a dimer without causing too much strain, as is the case for
the zig–zag IdD. Rotated TB (RTB) gave energies of 0.22 and 0.23 eV
for DFT and DFT-D, respectively, which are similar to single adsorption.
RTB adsorption has not been identified. The likely cause is that it only
arises after conversion from IdB, which, as noted, is rather unlikely to
occur.
To complete the picture, we investigated the effect of intermolecular
interactions on the conversion barrier between SB and TB, performing a
NEB calculation at full coverage. With respect to the isolated adsorption
case, the difference is that the neighboring benzene may cause steric
hindrance to the conversion, aswell as influence the buckling of the un-
occupied dimer which could in effect change the activation energy.
These calculationswere performed with a c(4 × 2) super-cell including
eight dimers in two dimer rows. The use of two dimer rows is necessary
to avoid an artifact due to the boundary conditions. Hadwe employed a
supercell containing only one row, this would have corresponded to the
simultaneous transition of an infinite line of benzene molecules from
SB to TB. The initial state consists of four benzene molecules in the SB
configuration, while in the final state one of the benzene molecules is
converted to the TB configuration.
The computed conversion barrier at full coverage is 0.74 eV which
is only 0.01 lower than single adsorption. Hence, the hypothesis of
the population reversal cannot be attributed to high coveragemolecular
interaction as the effect on the conversion barrier because the neigh-
boring benzene molecules are negligible.
7. STM simulations of standard butterfly and tight bridge
In this section we present STM simulations using the Tersoff–
Hamann approach [55] as implemented in BSKAN [11] for −1.0 VTable 6
Relative adsorption energies for different phases of full coverage adsorption of TB and SB
configuration and one full coverage adsorption of TBR and zig–zag IDB adsorption. The
energies were obtained in reference to the lowest energy configuration TB. The discussed
configurations are presented in Fig. 7.
Methods DFT (eV) DFT-D (eV)
TB 0.00 0.00 (b) at Fig. 7
TB-shifted 0.00 – (d) at Fig. 7
TB-reversed 0.00 – (e) at Fig. 7
TB- rev. and shif. 0.00 – (f) at Fig. 7
SB 0.25 0.31 (a) at Fig. 7
SB-shifted 0.25 0.31 (c) at Fig. 7
IdB-zig–zag 0.22 0.29 (g) at Fig. 7
RTB 0.22 0.23 (h) at Fig. 7sample bias (occupied states image) and local density of states (LDOS)
value of 1 × 10−8 states / (eVÅ3) In order to provide some additional
insight into the STM image interpretations of high coverage cases in
our analysis, we considered groups of mixed SB/TB adsorptions. The
adsorbed configurations together with their STM images are presented
in Fig. 8. All the structures are accessible as supplementarymaterial [57].
We chose the geometries in such away as to provide a full picture for all
the predicted possibilities. In Fig. 8 panel a) the mix consists of right-
handed TB's (r-TB) and SB's. From the profile of thefirst threemolecules
(r-TB, SB, r-TB) one can see how the overlap in the local density of states
(LDOS) couldmake it difficult to distinguish the exact structure. It is im-
portant to notice that, due to the asymmetry of the structure, the de-
pression in between the first two molecules is more prominent than
in between the second two. Additionally, due to a slight repulsion
from the right-hand side the SB is tilted to the left (C\Si bond angle
in respect to the dimer row is 89.3°, and the difference in height be-
tween opposing C and H atoms is 0.27 and 0.32 Å, respectively). This
can also be observed in the profile of the image. The image of 3rd andFig. 8. Simulated STM images of high coverage mixed SB and TB adsorptions of benzene
molecule on Si(100)-c(4 × 2) surface for −1.0 V sample bias (occupied states image)
and isosurface of LDOS 10−8 states / (eVÅ3) together with the related structural
representations.
159P.T. Czekala et al. / Surface Science 621 (2014) 152–1614th (r-TB, r-TB) molecule in a) shows another asymmetric feature
which can be used to determine the direction of the adsorption. Here,
the overlap is much weaker than previously and a stronger depression
is visible. The gradient of the left molecule's profile is lower than the
right one. The asymmetry of the feature in between two r-TB or two
l-TB can therefore be used in interpreting the direction when lower
or higher gradient can determine whether they represent the TB side
which is bonded to the surface or tilted away from it. The image of
4th and 5th (r-TB, unoccupied dimer (UD), r-TB) can be analyzed sim-
ilarly with respect to the different gradients; here, however, the de-
pression is much deeper and UD states are visible. In Fig. 8 panel b)
we analyze the symmetrical arrangements with 1st, 2nd, 3rd (l-TB,
SB, r-TB) and 4th, 5th, 6th (r-TB, SB, l-TB) molecules creating two
characteristic images of narrow and wide profile.
In both cases there is a large overlap of LDOS creating a high profile.
However, in the second case the profile is wider due to two maxima
from tilted-up sides of TB adsorptions. The prominent depression in be-
tween TB and SB is another distinguishable feature, which is stronger
and further apart for a second case. In Fig. 8 panel c)we investigate sym-
metric TB adsorptions with an unoccupied dimer in between them (1st,
2nd and 3rd, 4th molecules). Here the situation is similar to b), creating
narrow andwide versions in themiddle; however, UD states exposed in
themiddle of the profile are slightlymore prominent for this casewith a
more open profile. In Fig. 8 panel d) we have simulated only TB popula-
tion. Here, another two profiles can be distinguished for pairs of 1st, 2nd
and 3rd, 4thmolecules (l-TB, r-TB and r-TB, l-TB). One can recognize the
strong overlap created between tilted up from the surface parts of the
TB's in the first case and a wider profile with more prominent middle
depression for the second pair. At last, in Fig. 8 panel e) we have per-
formed only SB population. Here also two cases can be distinguished
with a single and double unoccupied dimer in between the molecules
1st, 2nd and 2nd, 3rd, respectively. All the profiles are in-plane with a
strong overlap of first pair and a prominent depression for a secondpair.
8. Structural analysis of inter dimer butterfly and STM simulation
of inter dimer butterfly
In this section we focus on a further analysis of IdB stability in the
higher coverage geometries. We investigated the structural changes
that may accompany high coverage adsorption. It is known that due to
dimer buckling the coordinates of the atoms in the layer below have
to change, which creates a more/less packed environment (down/up
buckling) causing the opposite buckling in the next dimer [56]. It has
been demonstrated that adsorbed molecules can have a strong effect
on their surroundings. This in turn could lead to a more or less stable
adsorption site for the next adsorbent. In Table 7 we compare a set ofTable 7
Structural information for group of different geometries: single adsorption of IdB (s-IdB),
IdB adsorption in narrow TB environment (n-TB–IdB) (panel a) in Fig. 9), IdB adsorption
in wide TB environment (w-TB–IdB) (panel b) in Fig. 9), IdB adsorption with SB environ-
ment (SB–IdB) (panel c) in Fig. 9), IdB adsorption on a C-defect C-IdB in Fig. 5, zig–zag IdB
adsorption (panel a) in Fig. 7). Here, α is an angle of C\Si bondwith respect to dimer row
direction, β is an angle of C\Si bondwith respect to the involved dimer (two numbers are
present if buckling still persist in underlying structure), A is the distance between both Si
atoms involved in bonding IdB molecule, B is a distance between two pairs of Si atoms in
the layer beneath the Si dimer (see Fig. 9).
α β a(Si, Si) b(Si, Si)
(°) (°) Å Å
s-IdB 77.2/78.7 105.8/114.8 3.77 7.71
n-TB–IdB 77.2 109.8 3.81 7.87
w-TB–IdB 77.2 110.4 3.81 7.87
SB-IdB 77.4/77.7 113.2/113.9 3.78 7.77
C-IdB 77.9 110.7 3.77 7.73
C-IdB, vdW 77.9 110.4 3.77 7.73
z-IdB 78.6 116.1 3.76 7.74
z-IdB, vdW 78.6 116.3 3.77 7.73parameters for different IdB adsorptions in order to characterize the
structural changes and their possible relation with adsorption configu-
rations. At the top of the table we present s-IdB (single IdB) adsorption
and the reference to the higher coverage cases. The chosen parameters
are two angles of C\Si bond α with respect to dimer row and β with
respect to the dimer, and two distances a(Si,Si) between IdB bonded
Si atoms and b(Si,Si) between the two Si atoms in the layer below
(see Fig. 9). The analyzed adsorption are n-TB–IdB (IdB in narrow TB
environment) a) at Fig. 9, w-TB–IdB (IdB in wide TB environment)
b) at Fig. 9, SB–IdB (IdB in SB environment) c) at Fig. 9, C–IdB (C-defect
adsorption) in Fig. 5 and z-IdB (zig–zag IdB adsorption) at Fig. 7 (all the
structures are accessible as supplementary material [58]). The compar-
ison of the α shows very little variation, which would be expected due
to the structural rigidity in this direction. The molecule is expected to
be bent more in the direction described by β, where bonds are more
flexible. The maximum bend of ~6° is observed in the z-case due to
the repulsion of adjacent benzene molecules. For a and b distances the
change is more prominent for the n-TB- and w-TB-case, in which the a
distances are increased by 0.04 Å due to the strain induced by the adja-
cent tetra-σ-bonded TB molecules. When these results are compared toFig. 9. Simulated STM images of high coverage mixed SB/TB with TwB adsorptions of
benzene molecule on Si(100)-c(4 × 2) surface for −1.0 V sample bias (occupied states
image) and isosurface of LDOS 10−8 states / (eVÅ3) together with the related structural
representations.
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the neighboringmolecules add additional strain to IdB, which lower the
adsorption energy making this configuration even less likely than s-IdB
by ~0.11 and ~0.17 eV respectively. We conclude that higher coverage
does not reduce the strain, and the increase in energetics of C- and
z- case should be attributed to electronic effects mainly, due to the
changes in the electronic structure of the dimer.
In addition to the structural analysis we have also performed STM
simulations of the w-TB-, n-TB- and SB–IdB configurations. In Fig. 9
we considered two structures of IdB with neighboring symmetrical
TB adsorptions (l-TB, IdB, r-TB and r-TB, IdB, l-TB) and one with neigh-
boring SB (SB, TB, SB). Similar to what was discussed earlier in Fig. 8
panel b) there is a clear distinction between the narrow a) and wide
b) profiles in Fig. 9. In a) and b) LDOS of TwB is strongly asymmetric
with respect to the dimer row with a narrower profile comparing to
SB adsorption, thus not creating any strong overlap in the between
the LDOS of neighboring molecules. In c) the overlap is much more
prominent with a similar height of the profile for both SB and IdB thus
concealing the IdB's features slightly; the asymmetry is still visible
which is a characteristic signature for IdB geometry.
9. Discussion and conclusions
In summary, our calculations of the single adsorption geometries
agree with the other results previously obtained using different DFT
functionals. The most stable clean surface adsorption observed is the
tight bridge (TB) (panel b) in Fig. 2), which is 0.21/0.29/0.25 eV more
stable than standard butterfly (SB) (panel a) in Fig. 2) for DFT, DFT-D
and reduced DFT-D.
The transition barrier obtained is 0.75 or 0.79 eV with and without
dispersion correction. Overall, Grimme's dispersion correction slightly
decreases the bond length and contributes to stronger bonding and
transition barrier lowering. Additionally we also corrected the barrier
by ZPE contributions and obtained barrier height of 0.67 eV and
0.70 eV including the correction for tunneling. The values for the barrier
height are 0.2 − 0.3 eV below the experimental values [38,39], but
within the range of other theoretical predictions [13,12,7]. Furthermore,
for the C-defected surface the calculations of inter-dimer benzene
IdB adsorption has confirmed the proposal of another energetically
stable benzene configuration on the C-type defects, with adsorption en-
ergies of 1.2/1.9 eV which are 0.27/0.35 eV higher than that of SB and
0.44/0.43 eV higher than IdB alone, for DFT and DFT-D respectively. In
the light of these results and cluster calculations presented at Ref. [17],
we confirm the strong evidence for this configuration on C-defected
surfaces. We also highlighted the effect of increased adsorption energy
due to double dimer adsorption, which in this case has been achieved
by OH and H but is also possible by means of other molecules, as
shown in a double sided intra-dimer adsorption of acetylene molecule
in Ref. [51]. We successfully tested this idea with high coverage zig–
zag IdB (panel g) in Fig. 7) and observed the increase of adsorption
energies to −0.04/0.09 eV in comparison to SB adsorption making it
more likely to appear in this phase than as a single adsorption which
is−0.17/−0.08 eV, for DFT and DFT-D respectively.
In recent temperature-programmable desorption (TPD) studies,
Naydenov and Widdra gave another perspective on the subject of IdB
bonded configuration [59]. Through partial surface hydrogenations
they have achieved a successful phase separation of two di-σ configura-
tions. In their studies, they have prepared two partially hydrogenated
systems in 650 K and 400 K. Due to this difference in temperatures
two distinct environments were created. On one hand, at the surface
created at 650 K the diffusion was present in which H atoms could
reach energetically more stable sites and occupy steps, defects or create
monohydride pairs on single dimers. On the other hand, at the surface
created at 400 K the diffusion was reduced which, in effect, created
a structure with more random occupancy of dangling bonds. In our
opinion this partial H atom coverage would have greatly restricted theavailable sites for di-σ and even more so for tetra-σ adsorbates. In
their studies of surface prepared in 650 K only a single geometry was
observed and attributed to SB configuration.While for 400 K, two coex-
istent phases were observed and attributed to SB configuration, having
the lowest desorption temperature, and to IdB or diagonal-IdB configu-
ration, having the highest desorption temperature. Due to the change in
morphology of the surface, the second configuration was attributed to
the presence of defect like structures caused by hydrogen adsorption.
We think that there is no reason to consider the diagonal-IdB because
of its low adsorption energy caused by significant strain on the mole-
cule. The proposition of IdB would correlate well with our results of
IdB on C-defect, which also produces the highest of all adsorption
energies. We have shown that increased stability is possible when the
adsorption takes place on already singularly occupied dimer such as
c-Idb, zig–zag Idb, the same would be expected for singularly hydroge-
nated dimers.
This result suggests that IdB on defects could play a significant role
for the prospect of full control and understanding of this important
system. However, this phenomenon should not only be important
for hydrocarbon mono-layer growth but also in other applications of
self-assembly processes in device fabrication. An example of thiswas re-
cently shown by Belcher et al., where the benzonitrile molecules were
used as nucleation and termination sites for metallic chain-growth [60].
In our high coverage analysis of SB and TB states, performed in
response to the experimental studies published by Kim or Nisbet, we
have found no significant environmental effect on the activation barrier,
energetics or any directional selectivity in SB to TB conversion. Based on
full coverage calculations, we conclude that TB is still the most stable
configuration. For a single-state full coverage no phase preference has
been found, indicating that the observed phases in Ref. [53] are statisti-
cally equally probable and the interactions in between dimer rows are
negligible.
In comparison to our high coverage studies, where the relative
energy difference between the SB and TB configurations increases by
0.04/0.02 eV (DFT/DFT-D), while changing the coverage from 0.25 to
1.00 ML, Lee and Cho calculated increases of 0.16 eV for the change in
coverage from0.25 to 0.50 ML [13]. This consistently shows that TB con-
figuration is evenmore favorable in higher coverages, which is opposite
to what was hypothesized.
We have also performed a high coverage STM analysis providing all
the possible profiles expected in the mixed and singular SB and TB ad-
sorptions. Moreover, we presented the mixed SB/TB with IdB adsorp-
tion to provide full description for another analyzed adsorption. In
addition we provided structural analysis of the high coverage IdB con-
figurations and concluded, that the neighboring adsorbates do not stabi-
lize the IdB but instead create additional strain further decreasing the
adsorption energy. The gain in IdB stability can be attributed to change
in electronic structure of doubly occupied dimer. Therefore thepresence
of this configuration without saturation of another two dangling bonds
is not to be expected. We discussed the details of high-coverage struc-
tural changes and their relation to the LDOS that may also be observed
in experimental STM images.We discussed a series ofmixed geometries
and their characteristic signatures. These predictions can be used in
studies not only regarding relative concentration but also the exact or-
deringwithin the lines. To our knowledge, no experimental STM results
offer details on ordering in a high coverage system. Here, higher resolu-
tion STM images including individual scan lines could be valuable for
a more informed debate on the basic processes in hydrocarbon film
growth. In this context, out STM results only to serve as a guide for
future more detailed experimental investigation.
Our results support the coexistence of both SB and TB configurations
as well as IdB configuration localized on the C-defect or another singu-
larly occupied dimer site which is in agreement with up to date cumu-
lative experimental studies [9,17–19,39,61].
No answer to the problem of high SB populations can be given from
the perspective of any surface mediated interaction. According to the
161P.T. Czekala et al. / Surface Science 621 (2014) 152–161above analysis, we conclude that benzene adsorption on Si(100) is ex-
pected to appear in a SB configuration at first as it is kinetically prefera-
ble, then, depending on environmental conditions, it transforms to a TB
configuration. It is expected that for low coverages all adsorbates can
undergo transformations. For high coverage one would expect the
final populations to be a mix. These results should not be attributed to
molecule–molecule interaction, as the total energy and NEB calculation
proves, but should be expected as purely geometrical restrictions, due
to the fact that the SB molecule only needs one empty dimer to adsorb,
while TB needs two. The adsorption of SB may therefore be possible
while the conversion to TB is restricted. This, in effect, causes mixed
populations in high coverage cases. An additional possible factor could
be IdB adsorption which is energetically comparable to SB in a high
coverage zig–zag phase which could impact the population ratios in
the spectroscopic studies as presenting the same σ vs π signature as SB.
With regard to conflicting experimental studies claiming SB–TB
population reversal, we find no justification for such processes in our
simulations. In our opinion this inconsistency often comes from either
early experiments where the possibility of TB adsorption wasn't even
considered or where the results were misinterpreted due to the lack of
other experimental evidence. Another common reason for the significant
variation in the results present in the literature could be temperature
and time variation,whichwould significantly influence the experimental
result. For a detailed discussion of such varied experimental studies we
refer the reader to the recent article by Nisbet et al. [19].
The above studies were also performed to test the idea of environ-
mental control for metastable adsorptions. On the basis of our results,
we can conclude that the surface mediated environmental interactions
are not sufficient for effective control of the SB/TB conversion.
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